INTRODUCTION 39
The facultative anaerobic, spore-forming Bacillus cereus has gained notoriety as an 40 opportunistic human pathogen that can cause a wide range of diseases from periodontitis and 41 endophthalmitis to meningitis in immunocompromised patients.. However, most of the 42 reported illnesses involving B. cereus are food-borne intoxications, classified as emetic and 43 diarrheal syndromes (17, 30). Diarrheal syndrome may result from the production in the 44 human host's small intestine of various extracellular factors including hemolysin BL (Hbl), 45 non-haemolytic enterotoxin (Nhe) and cytotoxin CytK (17, 26). The genes encoding these 46 potential virulence factors belong to the PlcR regulon (1, 7, 20, 31) . 47
B. cereus will grow efficiently by anaerobic glucose fermentation in amino acid-rich 48 media supplemented with glucose as the major source of carbon and energy (3, 21, 29, 33, 49 34). The ability of B. cereus to grow well under these conditions is controlled by both the 50 two-component system ResDE (4) and the redox regulator Fnr (33, 34). Unlike ResDE, B. 51 cereus Fnr has been shown to be essential for fermentative growth and for enterotoxin 52 synthesis under both anaerobiosis and aerobiosis (33, 34). Fnr protein is a member of the 53 large Crp/Fnr superfamily of transcription factors that coordinate physiological changes in 54 response to a variety of metabolic and environmental stimuli (16). Members of the family are 55 predicted to be structurally related to the catabolite gene activator protein of Escherichia coli, 56
Crp (also known as the cAMP receptor protein) (10). Like all the members of the Crp/Fnr 57 family, B. cereus Fnr contains an N-terminal region made up of antiparallel β-strands able to 58 accommodate a nucleotide, and a C-terminal helix-turn-helix (HTH) structural motif. In 59 addition, it contains a C-terminal extension with four cysteine residues considered, in 60 B. subtilis, to coordinate a [4Fe-4S] +2 centre that serves as a redox sensor (27). The B. subtilis 61
Fnr forms a stable dimer that is independent of both the oxygen tension in the environment 62 and FeS cluster formation. However, the presence of an intact [4Fe-4S] +2 cluster is required 63 for it to bind to a specific DNA-binding site and for subsequent transcriptional activation (27) . 64
Structurally, the predicted Fnr of B. cereus resembles the B. subtilis Fnr (27) . 65 Therefore, the FeS cluster could also be a key component required for the DNA binding 66 activity of B. cereus Fnr under anaerobiosis. However, our previous results suggested that 67 unlike B. subtilis Fnr, B. cereus Fnr may also exist in an active state under aerobiosis and thus 68 conserve some site-specific DNA binding properties. To address this specificity further and 69 elucidate the mechanism by which Fnr regulates enterotoxin gene expression in aerobically 70 growing B. cereus cells, we characterized the DNA-binding activities of purified aerobic Fnr. 71
To this end, we overproduced full-length Fnr in Escherichia coli with two different tags. We 72
showed that both recombinant Fnrs were produced in apo forms (devoid of FeS cluster) under 73 oxic conditions. Recombinant Fnr containing a C-terminal polyhistidine tagged sequence was 74
shown to be mainly monomeric in solution, while N-terminally Strep-tagged Fnr occurred 75 mainly as oligomers. Only the monomeric forms of both recombinant apoFnrs were found to 76 bind to the promoter regions of fnr itself, the pleiotropic regulators resDE and plcR and the 77 structural enterotoxin genes hbl and nhe. Finally, our results pointed to some new unusual 78 properties of Fnr that may have physiological relevance in the redox regulation of enterotoxin 79 expression, enterotoxin expression being both directly and indirectly (via ResD and PlcR) 80 regulated by apoFnr under aerobiosis. 81
82

MATERIALS AND METHODS 83
Bacterial strains and growth conditions. Escherichia coli strain TOP 10 (Invitrogen) The amplicons were cloned as blunt-end PCR product into pET101/D-TOPO (Invitrogen) and 116 as a SmaI-SacI fragment into the corresponding sites of pET-52b(+) (Novagen), yielding 117 pET101fnr and pET52fnr, respectively. B. cereus Fnr was produced as a C-terminal fusion 118 with a His-tag using pET101fnr (Fnr His ) and as an N-terminal fusion with a Strep-tag using 119 (Fig. 1A) . The molar mass 262 across peak A1 could not be determined because of a polydisperse distribution (the molecular 263 mass varied from 170 to 400 kDa). This strongly suggests that this peak contained aggregates 264 that interacted with the column, but their proportion was low, as the DLS signal was very 265 weak. In contrast, the distribution of molar masses across peaks A2, A3 and A4 was constant, 266 β-ME) a multiple-band pattern was observed, revealing the presence of a mixed population of 284 monomer, dimer and higher oligomeric forms in relative ratios compatible with those found in 285 a DLS experiment (Fig. 2A) . In reducing conditions (with DTT), the two major species were 286 the monomeric and the dimeric forms. Increasing the concentration of DTT from 10 mM to 287 200 mM caused the total reduction of dimeric species to monomeric forms. These data 288 indicate that most of the protein was reticulated through disulphide bridges, but a significant 289 amount of dimeric Strep Fnr could either not be completely reduced by DTT or remained 290 particularly stable in the electrophoresis conditions used. In contrast, only a very small 291 fraction of Fnr His was found to remain dimeric after 10 mM DTT treatment (Fig. 2B) 
an ionic interaction into a covalent link, while the latter mimics disulphide bridge formation. 297 Figure 2 shows the reaction products analyzed by SDS-PAGE. Formation of oligomers from 298 monomer could be evidenced using both EDC (Panel C) and diamide (Panel D). Homodimers 299 and homotrimers were the major products. As expected when using crosslinkers, these entities 300 migrated at relative molecular weights slightly lower than the exact weights because of their 301 more rigid structures. Surprisingly, the band corresponding to apoFnr monomer appeared as a 302 discrete doublet after treatment with diamide, reflecting a possible induced conformational 303 change trapped by intrapolypeptide crosslinks (Fig. 2D) To determine whether the formation of disulphide-linked homodimers might be of 310 physiological relevance, we tested the presence of various forms of endogenous apoFnr in 311 aerobically grown B. cereus cells (4). Figure 3 shows the Western blot detection performed 312 with apoFnr antiserum following SDS-PAGE under non-reducing conditions. The antiserum 313 reacted with two bands of the sizes expected for the monomeric (~30 kDa) and dimeric forms 314 (~60 kDa) of apoFnr in wild-type cells, but not in fnr mutant cells. Two other protein bands of 315 40 and 80 kDa cross-reacted with apoFnr antiserum in wild-type cells (Fig. 3, lane 3) . As 316 these bands were also observed in the fnr mutant cells (Fig. 3, lane 2 To test whether apoFnr bound to the Fnr boxes predicted from the nucleotide sequence 338 analysis, EMSAs were performed with both Strep Fnr and Fnr His and DNA fragments containing 339 5'UTR of fnr, resDE, plcR, hbl and nhe. In view of its size (1157 bp), the 5'UTR of hbl was 340 first divided into two overlapping fragments of 636 pb (hbl1) and 610 pb (hbl2), respectively, 341 as defined in Fig. 4A . Figure 5 shows the EMSA results for the six fragments. Fnr His bound to 342 all the regions tested, while no DNA-binding activity could be detected with Strep Fnr. The 343 specificity of the binding was evidenced from the disappearance of complexes in competition 344 assays using 50-fold excess of homologous unlabelled promoter regions and by the absence of 345 any competition when an unlabelled heterologous DNA was used (data not shown). EMSAs 346 in the negative control (Fig. 5G) showed that a shift above 6 µM apoFnr should be considered 347 as the result of non-specific binding. In addition, the behaviour of apoFnr markedly differed 348 in the gel-shift titration assay depending on the promoter regions. ApoFnr bound to fnr and 349 resDE promoter regions in an ordered fashion giving two retarded species (complex I and II) 350 below 6 µM. In contrast, an increasing amount of apoFnr resulted in a gradual decrease in the 351 mobility of the protein-DNA complexes for plcR, hbl and nhe promoter regions, which 352 appeared to be stabilized at higher protein concentrations. This suggests that, as more protein 353 was added, the protein complex bound to the DNA increased proportionally in size, with the 354 added apoFnr being distributed evenly among all the complexes. The smearing of these 355 species during EMSA also suggested that these high molecular complexes were not stable and 356 dissociated during electrophoresis. The EMSA data also showed that the plcR, hbl and nhe (Fig. 6) . Binding through the monomer pathway allows a 417 dimeric transcription factor to respond rapidly to stimuli and to locate its target site quickly 418 without becoming entrapped kinetically at a non-specific site (23). Therefore, in addition to a 419 faster assembly of apoFnr-DNA complexes in response to oxygen tension in the environment 420 allowed by the monomer pathway, an efficient way to discriminate between specific and non-421 specific target sites is also provided. 422
Since apoFnr bound to the promoter regions of fnr itself, the two-component system 423 resDE, the virulence regulator plcR and the enterotoxin genes hbl and nhe, we concluded that 424 apoFnr directly controlled both its own expression and that of resDE, plcR, hbl and nhe (34). 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11 DNA ox red Active Inactive
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